Background. Nowadays, an increasing number of dialysis machines lodge a blood pressure (BP) measuring device, whose accuracy has a clear implication for the patients' clinical management.
Introduction
Blood pressure (BP) measurement in haemodialysis (HD) patients is of paramount importance for monitoring and preventing hypertensive or hypotensive events. It is well known, in fact, that hypertension and consequent cardiovascular disease in chronic HD patients contributes significantly to their morbidity and mortality [1, 2] . Second, arterial BP hypotension during and after treatment represents a major complication of HD [3, 4] . However, the relationship between BP and mortality in HD patients remains a major unresolved question [5, 6] .
BP in clinical settings is usually measured noninvasively by sphygmomanometers, which can be either manually operated or automatic. Among the latter, oscillometric devices are becoming more and more popular in dialysis units, due to their feasibility and ease of use [7, 8] . Most of them are fully integrated into modern dialysis equipment, in such a way that the operation of pressure measurement has become a completely automated action into the task of nursing personnel.
An accurate BP measurement is difficult to be obtained in any subject for several reasons ( [9] for a review), but further complicating factors intervene during a dialysis treatment (e.g. [10, 11] ). First of all, there are elements strictly linked to the HD patient conditions, such as the large BP variations caused by plasma ultrafiltration and extra-cellular fluid volume displacement. Secondly, some drawbacks of the oscillometric method become more serious in HD setting. In fact, it is known that the increased rigidity in the arterial wall due to aging and diabetes significantly affects oscillometric measure (e.g. the mathematical study by Ursino and Cristalli [12] and the clinical study by van Popele et al. [13] ); obesity causes the oscillometric pulses to get weaker and weaker; finally, cardiac arrhythmias, in particular atrial fibrillation, afflict both auscultatory and oscillometric device accuracy [14] . All the above cited pathologies are more and more common in the dialysis population. Thirdly, there are problems linked to the correct handling of the operator. Often, according to our experience as well, accepted guidelines on the correct methodology of BP measurement [15] become difficult to follow in a busy dialysis unit. Hence, it can happen that an incorrect cuff size is used [16] ; sometimes the cuff is wrapped in a wrong position on the patient's limb or the clothes between the skin and cuff are too thick. Moreover, single and not averaged BP measures are usually assessed. Furthermore, it is not uncommon that BP reading is negatively affected by artefact movement and talking during measurement, or by a recent meal, ingestion of caffeine or smoking. In this regard, Rahman et al. [17] compared BP readings obtained during usual HD treatment with those obtained according to standard guidelines for BP measurement [15] and found a poor range of agreement (i.e. À20 to þ49 mmHg), which is much greater than what would be acceptable for accuracy in the clinical setting.
It is worth noting that a device deputed to measure BP in dialysis patients should necessarily cope with all the listed issues. To verify the efficacy of this device, it should be important to perform an adequate analysis of the accuracy, consistency and repeatability of the BP measure according to well accepted and standardized protocols (e.g. [18, 19] ).
The aim of this work is to describe the validation results of the oscillometric sphygmomanometer Gambro Dasco HD-BPM TM (software revision 5.x; Gambro Dasco S.p.A., Medolla, Italy) after the computation algorithm was recently revised in order to improve its performance in a dialysis unit.
The validation process applied can be subdivided into three steps. First of all, the compliance to the requirements of overall accuracy prescribed by ANSI/AAMI SP-10 standard [18] was verified. Second, an in vitro validation session was performed: a wide variety of BP waveforms generated by a noninvasive BP (NIBP) test simulator [20] was applied to HD-BPM, according to a protocol proposed in literature [21] . Third, a multi-centre field trial was organized and the readings of BP measurements in patients during dialysis were collected. Moreover, during the last two phases, the results of HD-BPM were compared with the ones obtained in the same experimental and clinical conditions by another commercially available device, Colin BX-100 TM (Colin Corporation, Aichi, Japan), which is declared to comply with ANSI/AAMI SP-10 requirements as well. This same model or analogous ones are currently 
Subjects and methods
The automatic NIBP monitor device HD-BPM is an optional item of dialysis equipment Hospal Integra TM and Gambro Phoenix TM . The HD-BPM estimates systolic (SBP) and diastolic blood pressures (DBP) together with pulse rate by using the oscillometric method. For a detailed description of the HD-BPM device, refer to [22] . Recently, also due to multiple requests coming from the field, the computation algorithm of HD-BPM was revised in terms of identification of the oscillometric curve and robustness against noise artefact.
HD-BPM was analysed together with another oscillometric NIBP monitor device, namely BX-100 by Colin. The stand-alone version equipped with its own user interface was used for this study. This evaluation was performed according to the following three consecutive steps.
Step I: overall accuracy according to ANSI/AAMI standard An initial version of HD-BPM was positively validated according to ANSI/AAMI SP-10 standard [18] , by comparing HD-BPM readings in 92 subjects with BP values found by two independent observers using mercury sphygmomanometer (for the detailed description of the test protocol and results, refer to [22] ). Four subjects among them underwent chronic HD. For each subject, three consecutive determinations were performed, in order to have 276 (92 Â 3) measurements to be statistically analysed.
Instead of repeating the in vivo assessment, a sort of offline ANSI/AAMI validation was performed for the new revision of HD-BPM, due to the fact that the 276 cuff pressure waveforms of the preceding validation were stored into an electronic database. The same waveforms were then given as an input to the new version of HD-BPM algorithm running on a PC. This operation was possible since the modifications applied on HD-BPM affected only the parts of the algorithm dealing with the data elaboration. Hence, the results obtained were compared with the readings of the preceding auscultatory measurements, in order to determine the new accuracy values.
Step II: in vitro validation using an NIBP test simulator
For in vitro and in vivo tests a stand-alone version of HD-BPM was used: it includes the same electronic board currently integrated into the dialysis equipment and a dedicated PC software program of user interface. Before the tests and at regular time basis, HD-BPM was statically calibrated against a reference pressure transducer (90DX Western TM Meter by Mesa Laboratories, Inc., Lakewood, USA).
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simulator Bio-Tek BP-Pump TM (Bio-Tek Instruments Inc., Winooski, USA). An evaluation protocol first proposed in [21] was adopted: in particular, the part dealing with simulations of adult pressure waveforms was used. The protocol (Table 1 ) covered a wide range of simulated pressures, pulse rates, pulse strengths, motion and tremor artefacts and specific subject conditions (e.g. weak pulse, geriatric and obese subject, cardiac disorders).
Generally, five successive BP measures were performed for each type of test at 2-min intervals. Two quantities were computed to evaluate accuracy and repeatability of the NIBP monitors: the mean value (bias, d) and the SD of the differences between the monitor's reading and the target pressure set on the simulator.
Step III: multi-centre field trial Table 2 reports patient (23) characteristics for each centre. An arterio-venous fistula was used as vascular access in all patients. Twenty-six patients were hypertensive and six hypotensive. Subjects with atrial fibrillation were excluded.
During the field trial, HD-BPM, BX-100 and a mercury sphygmomanometer were connected with the same pneumatic tube, through a couple of T connectors. By properly clamping the tube, it was possible to choose which of the two oscillometric monitors were to be used together with the mercury sphygmomanometer. At this proposal, it is worth noting that both HD-BPM and BX-100 deflate the cuff linearly and with a deflation rate compatible with the limits suggested by ANSI/AAMI SP-10 for simultaneous manual auscultation (i.e. 2-4 mmHg per heartbeat [18] ). The same cuff was used for all measurements on any particular patient with both NIBP devices. A total of 392 measurement sessions were executed during dialysis treatments. Each session was composed of two pressure measurements: the first one through the stand-alone HD-BPM monitor simultaneously with an auscultatory measurement, the second by means of BX-100 monitor simultaneously with another auscultatory measurement. The operator performing the auscultatory measure was not the same for every session. The arm was placed at heart level during all measurements and care was taken to use an appropriate cuff size, by previously measuring the upper arm circumference [15] . Generally, four measurement sessions were performed every dialysis treatment, over a time interval of 1 h, starting about 30 min from the beginning of the treatment. Statistical evaluation of the differences between measurements by either of the two oscillometric devices and the respective auscultatory measurement was performed by using the Bland-Altman procedure [23] . The differences between automatic measurements (with either device) and observers' measurements were plotted against the mean BP by the two methods (oscillometry and auscultatory). The SD of the differences between the two simultaneous readings provided a measure of the intra-method variability.
The in vivo validation was extended in December 2006 by comparing BP readings of the two oscillatory devices with invasive intra-arterial measurements performed in an intensive care unit (ICU). In particular, 11 patients admitted at ICU of Malpighi Hospital, Bologna, Italy, were studied (all males, age: 65 AE 17 years). Sixteen measurement sessions were performed: in each of them, the invasive measure was executed through a catheter inserted into the brachial artery (Infinity TM by Draeger Medical Systems Inc., Danvers, MA, USA) simultaneously to the oscillometric one on the same limb. In five patients, the session was repeated twice.
Results
Step I: overall accuracy according to ANSI/AAMI standard The mean and the SD of the differences between the auscultatory measurements collected during ANSI/ AAMI validation and HD-BPM SW rev. 5.x pressure estimates resulted in 0.9 AE 7.6 mmHg for SBP and À0.2 AE 5.4 mmHg for DBP. Fifty-seven percent of the differences in SBP and 75% of the differences in DBP were <5 mmHg; 28% of SBP and 20% of DBP were between 5 and 10 mmHg; 12% of SBP and 4% of DBP were between 10 and 15 mmHg; and 4% of SBP and 1% of DBP were >15 mmHg. The agreement between auscultatory and oscillometric measurements were studied also according to the Bland-Altman statistical method: 5% of SBP and 5% of DBP measurements fell outside the limits of agreements, defined as d AE 2 Â SD ( Figure 1 ). The accuracy of the measurement by the oscillometric method was not affected by the level of either SBP or DBP.
Hence, it can be concluded that the new version of the HD-BPM satisfies the requirements prescribed by ANSI/AAMI SP-10 standard (in particular, bias AE SD not >5 AE 8 mmHg).
Step II: in vitro validation using a NIBP test simulator Figure 2B) . Bias related to different pressures was worse for HD-BPM than for BX-100, especially for high BP values, while bias related to different pulse rates were the same for the two devices; SD of HD-BPM is always lower than BX-100 (mean values of SD were 0.6 and 1.6 mmHg, respectively).
In Figure 3A , the performance of the monitors for waveforms simulating particular physio-pathological situations is shown. While bias of HD-BPM was generally worse than that of BX-100 (bias mean value: 3.6 and À0.2 mmHg), SD was better (SD mean value: 0.5 and 1.6 mmHg, respectively). Figure 3B deals with cardiac disorders and respiratory artefacts: due to the fact that for these waveforms BP generated by test simulator exhibits a beat-to-beat variation, only SD was plotted. Also in this case, SD of HD-BPM was better than that of BX-100, especially for the condition of premature ventricular contraction. Figure 4 deals with the ability of the monitors to cope with different amplitudes of pulse. Pulse strength is varied from 100 to 10% of the nominal 2 mmHg oscillometric pulse. HD-BPM had difficulties in measuring BP with a 25% of pulse reduction, while BX-100 succeeded; when the reduction is 10%, HD-BPM failed, but BX-100 commits significant errors.
Finally, Table 3 summarizes the results obtained by executing the NIBP simulator tests listed in Table 1 : mean value, SD, maximum and minimum of the differences between the readings of the analysed devices and simulator are reported. While SBP and DBP biases of HD-BPM were worse than those of BX-100, the SD is of the same amount. The NIBP test simulator makes it possible to evaluate the pulse rate estimation as well: the results were not significantly different for the two oscillometric devices.
Step III: multi-centre field trial Based on the auscultatory determinations among observed HD patients, SBP and DBP ranged, respectively, from 68 to 220 mmHg and from 38 and 120 mmHg. Mean values of the first and second auscultatory measure were SBP ¼ 132.2 AE 30.1; DBP ¼ 71.0 AE 15.0 and SBP ¼ 132.0 AE 30.6; DBP ¼ 71.0 AE 15.1, respectively: based on Student's t-test for paired samples, no significant differences existed between the two measurement values (P > 0.70). The mean SBP of the two auscultatory measures was >180 mmHg in 8% of cases and <100 mmHg in 13% of cases. The mean DBP of the two auscultatory measures was >100 mmHg in 4% of cases and <60 mmHg in 18% of cases. Table 4 summarizes the results obtained during the multi-centre field trial. As it can be seen from this table, HD-BPM comparison and BX-100 comparison failed in five and seven sessions, respectively out of 392 because either auscultatory measure or oscillometric measure could not be taken.
Biases were better for HD-BPM than for BX-100; regarding SD, BX-100 was better for systolic, and the opposite was valid for diastolic pressure. High correlation (r 2 > 0.9, P < 0.001) existed between systolic pressures of oscillometric and auscultatory techniques, while correlation was a little weaker for diastolic pressures (r 2 ffi 0.8, P < 0.001). According to Student's t-test for paired samples, the oscillometric readings were not significantly different with respect to the corresponding auscultatory ones only for HD-BPM SBP (P > 0.35); in all the other cases, a statistical difference existed (P < 0.001). Table 4 also reports the same data regarding the comparison between the two consecutive auscultatory measures (i.e. AUS1 and AUS2), which gave a measure of the intra-subject BP short-term variability. Bias is very low both for SBP and for DBP; SD for SBP was comparable to that of the oscillometric devices, while the one for DBP was lower. Figure 5 shows the distribution of the differences between the two methods: in brief, as regards HD-BPM, the percentages of the differences within 10 mmHg were 80% for systolic and 89% for diastolic; regarding BX-100, these percentages were 83 and 84%, respectively.
The degree of agreement between the oscillometric and auscultatory measures is represented in Figure 6 . The limits of agreement, calculated according to Bland and Altman [23] as d AE 2 Â SD, and the percentages of the differences falling outside them were the following: À17.6 and 18.4 mmHg (HD-BPM SBP, 4.9% outside); À13.1 and 16.1 mmHg (HD-BPM DBP, 2.8% outside); À11.9 and 18.0 mmHg (BX-100 SBP, 7.8% outside); Table 5 reports the results of the comparison between oscillometric and intra-arterial measures.
ANSI-AAMI validation of HD-BPM: Systolic
Intra-arterial readings were corrected with a constant offset to have consistency with auscultatory measures, according to [18] ; their ranges were 82-153 mmHg for SBP and 49-88 mmHg for DBP; mean values of the first and second measure were SBP ¼ 119.9 AE 24.1; Table 1 ). (B) Mean value (points) and SD (bars) of the differences between oscillometric device and NIBP test simulator SBP and DBP readings for different pulse rate values (refer to 'Pulse rate range' line in Table 1 ). Left column: HD-BPM SW rev. 5.x monitor; right column: BX-100 monitor. Bias is mean value of the differences between monitor and test simulator readings. Table 1 for the characteristics of the tests used). (B) SD (histograms) of the differences between oscillometric device and NIBP test simulator SBP, DBP and pulse rate readings for different 'Cardiac disorders and respiratory artefacts' (refer to corresponding line in Table 1 for the characteristics of the tests used). Left column: HD-BPM SW rev. 5.x monitor; right column: BX-100 monitor.
118.8 AE 23.6 and DBP ¼ 64.1 AE 11.4; 64.1 AE 12.1, respectively. Regarding SBP differences between the two methods, while biases of both NIBP devices are limited, SDs overcome the ANSI/AAMI limit with HD-BPM being the worse. The opposite happens for DBP: biases are greater, SD of HD-BPM is better than BX-100 and well below 8 mmHg.
Discussion
BP measurement is important during HD sessions to monitor the status of the cardiovascular system and to prevent acute hypotension or hypertensive events. Hence, the accuracy of the instruments measuring BP has a large impact for the clinical management of the Table 1 for the characteristics of the tests used). Left column: HD-BPM monitor; right column: BX-100 monitor. For each group of comparison (oscillometric vs auscultatory and auscultatory vs auscultatory) mean value, range, and SD of the differences, and the correlation coefficient (r 2 ) of the readings are reported. dialysis patients. Modern dialysis machines often include an integrated device, which measures BP and pulse rate in an automatic way, typically by using the oscillometric principle [7] . To assure the accuracy of such devices, they would need to be validated according to their intended use.
This article presented the results obtained applying an in vitro and in vivo validation protocol aimed at functionally characterizing an automated oscillometric NIBP monitor (HD-BPM by Gambro Dasco), whose algorithm was recently modified to have more accurate and reliable estimates during the dialysis session. The readings obtained with this oscillometric monitor were always compared with simultaneous measurements taken first with mercury sphygmomanometer, which is still considered the gold standard of BP monitoring, not only in dialysis centres [9, 18, 24] , and then with invasive intra-arterial measurements. In order to have a further term of comparison, another automated BP device based on the same principle (BX-100 by Colin) was analysed.
Many different examples of BP monitoring device validation and/or comparison can be found in literature, but only few works deal with the dialysis patient population. Keavney et al. [24] evaluated a 24-h ambulatory BP device using contemporary auscultatory and oscillometric methods (TM2421 TM by A&D Co., Tokyo, Japan). The study was composed by an initial validation according to ANSI/AAMI SP-10 standard, followed by an extensive field trial with healthy and essential hypertensive subjects. Fagugli et al. [25] studied the same device on a population Finally, Amoore and colleagues in vitro tested [27, 28] various oscillometric devices for ambulatory BP monitoring by using NIBP test simulators according to the protocol proposed in [21] .
The validation protocol here presented is wellextended since it comprised both in vivo validation with healthy and HD subjects and in vitro validation with a large extent of situations.
The first step of this validation consisted in verifying the compliance of HD-BPM device to ANSI/AAMI SP-10 standard requirements regarding overall accuracy (Section 4.4.5 of [18] ). This verification was executed in a simulation setting, by using an off-line BP data set recorded during a preceding in vivo validation [22] . The results showed that with the modifications introduced, HD-BPM still satisfied ANSI/AAMI requirements.
As a second step, the estimates of the two NIBP monitors HD-BPM and BX-100 were collected by giving as input different BP waveforms generated by an NIBP test simulator [20] . Although this validation method is not fully accepted, it was possible to cover a wide range of simulated pressures, pulse rates, pulse strengths and artefact levels, such as may be encountered in clinical practice. In particular, an already published evaluation protocol was followed [21] , in order to offer the most comparable results.
Since the simulated waveform is different from the physiological one, as demonstrated in [8, 29] , NIBP test simulators are not used to reveal systematic differences between the tested monitors, but to evaluate the internal repeatability and the robustness against artefacts. Therefore, for this step, SD are more significant than bias (Table 3 ). The repeatability of the pressure waveforms generated by NIBP test simulators is claimed to be within 1 mmHg [27] . Hence, Amoore [28] and van Montfrans [8] proposed, as limit of good repeatability, an intra-device SD <2 mmHg, calculated on 15 determinations of 120/ 80 mmHg BP waveform, without and with artefact, generated by NIBP test simulator Bio-Tek. Both HD-BPM and BX-100 monitors complied with this criteria for SBP and DBP without artefact ( Figure 2A ) and with motion/tremor artefact level 1 (mean values of SD: HD-BPM ¼ 1.6, BX-100 ¼ 2.1 mmHg), while they failed for the other levels (data not shown).
The so-called NIBP playback system [30] can partially solve the limitations of current NIBP test simulator. In this system, in fact, pressure pulses of a stored data set previously recorded from actual patients are selected and summed up to the pressure signal during the deflation of a cuff wrapped around a cylinder: in this way, the monitor under test is reading an oscillation envelope similar to the original data from a real patient. If the data set is comprehensive of the situations present in a dialysis clinical setting, this system could potentially cover Step I and II of this validation process.
The third and major step of the validation consisted of the field trial, along which the oscillometric measures by HD-BPM were compared with simultaneous auscultatory measures in 53 ESRD patients during dialysis treatment in four different centres. The requirements prescribed in ANSI/AAMI SP-10 for BP comparison were not fully addressed, especially because the main purpose of this study was to verify the accuracy of the oscillometric devices during usual treatment in a dialysis unit, instead of more quiet settings like home or ambulatory. In particular, no consecutive measurements, at least with the same device, were taken and only one trained observer, instead of two, made the auscultatory recording, not being the same person during the various sessions. Moreover, the number of the patients enrolled for the study was lower than the recommended one (85), even if the total amount of the BP measurements can be considered significant (392, while ANSI/AAMI prescribes a minimum number of 255 measurements). Furthermore, in this case, the comparison was enriched by using another oscillometric device, in particular by adding a consecutive comparative session.
Notwithstanding these limitations, the results were analysed using the ANSI/AAMI criteria and the requirements regarding accuracy resulted in them not being completely fulfilled. In fact, SBP SD of HD-BPM exceeded 1 mmHg of the maximum limit; SBP SD of BX-100 is slightly better, but not lower than 8 mmHg. On the contrary, biases and DBP SD were comprised into the limits, with the values from HD-BPM being lower. It is worth noting that oscillometric For each group of comparison (oscillometric vs intra-arterial and intra-arterial vs intra-arterial) mean value, range, and standard deviation (SD) of the differences, and the correlation coefficient (r 2 ) of the readings are reported.
SBP SD were similar to the one obtained comparing the two auscultatory measures: hence, the dispersion of the oscillometric method is comparable with the short-term BP variability recorded by a mercury sphygmomanometer. One may argue on the unbalanced design of the multi-centre field trial (from Table 2 it appears, in fact, that Danville and Sion centres provide 60% of measures obtained in 20% of the patients). Indeed, by randomly choosing only two consecutive measures for each patient, the differences of the readings between NIBP devices and auscultation result in not being statistically different with respect to the ones obtained from all the 392 sessions (P > 0.10 according to Student's t-test for unpaired samples).
Regarding validation of other devices also, Keavney et al. [24] found that SBP SD between oscillometric method and observer did not satisfy ANSI/AAMI criteria in some cases. Moreover, the results here obtained were not so far from the ones reported by Peixoto et al. [26] in patients during HD: the differences between auscultatory and oscillometric readings were 0.5 AE 7.5 mmHg for SBP and À0.2 AE 5.2 mmHg for DBP. Additionally, the authors observed that the device was less accurate in extreme ranges of SBP.
Even if restricted to a small number of subjects and sessions, the comparison with intra-arterial measurement method provided another test bench for assessing together the two NIBP devices, especially where vascular pathologies are concerned. Their behaviour is complementary this time as well: HD-BPM provided better SBP bias and DBP SD, while BX-100 is better for SBP SD and DBP bias. The result is in accordance with the observation that it is difficult to find a sphygmomanometer based on indirect methods yielding both SBP and DBP values that are within AE 5 mmHg of intra-arterial values [18] .
In summary, we believe that these three validation approaches complete each other and provide a sufficiently wide test bench for assessing NIBP devices. In fact, the first step was designed to perform an initial validation on previously recorded waveforms of mainly normal subjects, albeit fully according to ANSI/AAMI SP-10; the second step evaluated BP reading repeatability, simulating a large range of measurement conditions, such as cardiac arrhythmia; the third step finally allowed NIBP devices to be validated in several dialysis centres. To strengthen this evaluation, two reference methods were separately used, that is auscultatory and intra-arterial measurement. The difficulties found during field trial can most probably be explained by the multiplicity of factors specific to the dialysis population, which complicate BP measurement. Among them, the not uncommon presence of other pathologies in the ESRD patient, observed in the present study as well (Table 2) , can alter the BP measuring device performance (refer to Introduction section).
Beside the unremovable drawbacks of BP estimation in dialysis patients, according to our experience in this validation test, other issues exist, whose influence can be, however, significantly reduced by adhering more carefully to an agreed BP measurement protocol [9, 10, 17] . These aspects are mainly linked to the operator use and maintenance of the BP measuring device, attention to the patient's correct behaviour during measurement and the periodical verification and calibration of the instrument.
Hence, this work highlights the importance of assessing BP measurement accuracy and feasibility during working conditions, by offering an example of validation protocol to evaluate BP monitor devices for dialysis patients.
